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Abstract

Plant oils are useful sustainable raw materials for the development of new chemical products. In this work epoxidized soybean
oil was treated with different acids, and variable amounts of furan structures were produced from the epoxidized linoleate
moiety. From process studies, the highest yields of furan were obtained with fluorosulfonic and sulfuric acids. Using
epoxidized methyl linoleate as a model compound, we obtained up to 14% furan with fluorosulfonic acid. The relationship
between furan formation and ester hydrolysis was found to be a function of temperature and amount of acid used. In
epoxidized soybean oil, up to about 7% of the furan structure was found. The furan moiety can undergo Diels-Alder reaction
with maleimide and N-phenyl maleimide to form novel plant oil derivatives.
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Introduction

There has been a fair amount of interest in using plant oils as agriculturally based, sustainable, renewable, and
environmentally friendly raw materials for the design and the production of specialty chemicals for various
industrial applications (Biswas et al. 2008, Meier et al. 2007, Sharma and Kundu 2006, Biermann et al. 2000). Already
numerous derivatives and polymers of plant oils have been made. Some materials have been successfully
commercialized, including epoxidized soybean oil (Tayde et al. 2011, Petrovic et al. 2002), methyl soyate (methyl
ester of soybean oil) (Knothe 2005, Srivastava and Prasad 2000), and vegetable oil lubricants (Ramadhas ef al. 2004).
These developments have been previously reviewed (Biswas et al. 2008, Meier et al. 2007, Sharma and Kundu 2006,
Biermann et al. 2000). Despite these promising developments, new plant oil derivatives and new reaction processes
involving sustainable raw materials are always welcome.

Recently furan-containing materials have found favor among people interested in renewable resources.
Hydroxymethylfurfural (HMF) is derived from dehydration of certain sugars (Rosatella et al. 2011, van Putten et al.
2013) and is considered a platform chemical and a potential "carbon-neutral" feedstock for many specialty
chemicals. Thus, alkoxymethylfurfurals, 2,5-furandicarboxylic  acid,  5-hydroxymethylfuroic  acid,
bishydroxymethylfuran, and 2,5-dimethylfuran can be derived from HMF and potentially used in fuel or polymer
applications (van Putten et al. 2013). Nonfuranic compounds that can be produced from HMF include levulinic
acid, adipic acid, 5-hydroxy-4-keto-2-pentenoic acid, 1,6-hexanediol, caprolactam, and caprolactone (Rosatella et al.
2011, van Putten et al. 2013). Furan itself is known to be a good synthon for new reaction pathways, including
Diels-Alder reactions (Kappe et al. 1997).

We have now found in this work a new reaction process whereby furan can be generated from plant oils. This
requires the reaction of epoxidized linoleate moiety with an appropriate acid. Subsequently the furan adduct can
be subjected to Diels-Alder reaction to form additional derivatives. The chemical structures have been identified,
and quantification achieved through NMR studies. =~ Whereas the reaction of an inorganic or Lewis acid with
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epoxidized plant oils is previously known (Liu and Erhan 2010, Liu et al. 2009), the formation of furan structure
from epoxidized soybean oil has not been reported, and the Diels-Alder derivatives are also not previously known.
We have also carried out some process studies in order to understand the effects of reaction parameters on the
formation of furan and Diels-Alder products.

Materials and Methods

Materials

Fluorosulfonic acid (triple distilled), trifluoroacetic acid, methyl esters of oleic acid and linoleic acid were acquired
from Sigma Aldrich (Milwaukee, Wisconsin). Perchloric acid (70%) came from Fisher Scientific (Pittsburgh,
Pennsylvania). Sulfuric acid came from J.T. Baker (Phillipsburg, New Jersey), and p-toluene sulfonic acid from
MCB Reagents (Cincinnati, Ohio). Soybean oil came from a local supermarket. Arkema Inc. (King of Prussia,
Pennsylvania) supplied the epoxidized soybean oil (Vikoflex® 7170). Deuterochloroform came from Cambridge
Isotope Laboratories, Inc., Andover, Massachusetts.

Furan Formation

A typical procedure involved the addition of 1 g epoxidized methyl linoleate (EMLO) or ESO and 2-5 mL ethyl
acetate in a glass vial with stir bar, screw cap with septum. Into the vial 5-80 mg of fluorosulfonic acid was added.
The vial was placed in a React-Therm™ reactor set at 25-77°C for 4-24 hours with the reaction under nitrogen and
stirring. As a precaution, an extra needle in the cap was inserted to prevent pressure buildup. At the completion
of the reaction, water was added to the vial, mixed, and decanted off. Sodium bicarbonate solution (5%) was then
added, mixed, and decanted off. The product was washed twice with deionized water and then dried in vacuo at
40°C. In this procedure recovery of EMLO or ESO derivatives was essentially quantitative, varying from 92-99%.

Diels-Alder Reaction

In the two-step process, Diels-Alder reaction was carried out typically with 1 g EMLO-furan or ESO-furan
derivative. It was mixed with 0.1 - 0.3 g maleimide or N-phenyl maleimide and 3-4 g of ethyl acetate. The reaction
mixture was heated at 60-65°C for 24 hours. After reaction, the product was washed with water and stripped of the
solvent with a rotary evaporator.

In the one-step process, both the furan formation and Diels-Alder reaction were carried out in the same pot.
Typically 1 g of EMLO or ESO, 0.05-0.3 g of maleimide or N-phenyl maleimide, 20 mg fluorosulfonic acid, and 2 g
ethyl acetate were mixed together and heated in a React-Therm™ at 60°C for 4-16 hours. At the completion of the
reaction, the reaction product was washed with water, 5% sodium bicarbonate solution, and water again before the
solvent was stripped off with a rotary evaporator. In this procedure most of the Diels-Alder derivatives were
recovered except for loss due to handling and transfer.

NMR Analysis

NMR spectra were acquired on a Bruker DRX 400 spectrometer (Karlsruhe, Germany). The NMR solvent was
CDCls. The 'H and C shift reference was tetramethylsilane (at 0 ppm). Standard operating conditions were used
with 30° pulse angle and 3 seconds between pulses.

The *C NMR spectra of fluorosulfonic acid-generated furan products from EMLO and ESO are shown in FIGURE
1. The spectral assignments were achieved via shift additivity rules (Cheng and Kasehagen 1994, Cheng and
Bennett 1991) and from *C predicted shifts from compounds given in the literature (MestReNova 2014). The
amounts of different species present were estimated by using the area of the 22.3 ppm peak (w-2 in the fatty acid)
as reference and taking the areas of the peaks for other species. From '3C NMR spectrum of the EMLO product
(FIGURE 1, upper plot), the furan fi peak occurs at ~ 155 ppm and furan f2 peak at ~ 115 ppm. Because the fi carbon
has no attached hydrogen, its peak area is reduced under the NMR experimental conditions used, and only the
area of f2 peak is used for quantification. The 3C NMR peak at 53 ppm corresponds to the methoxy carbon. The
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area of the methoxy peak becomes smaller when hydrolysis of the methyl ester occurs; thus from the methoxy peak
area, the degree of ester hydrolysis can be estimated. Likewise, the 3C NMR spectrum of the ESO product is given
in FIGURE 1, lower plot. As in the case of EMLO, the furan fi and f2 peaks can be clearly observed in the *C NMR
spectrum. In addition, the glycerate ester peaks can be seen at ~ 63 and 68 ppm; from the area of the glycerate
peaks, the amount of hydrolysis of the glycerate ester can be estimated. Note that in the spectra there were many
peaks in the 72-86 ppm range; these corresponded to the polymers of EMLO or ESO (Liu and Erhan 2010, Liu et al.
2009), which were also generated by the action of the fluorosulfonic acid.

The 13C NMR spectra of the furan-maleimide Diels-Alder products derived from EMLO and ESO are shown in
FIGURE 2. The spectral assignments were achieved via shift additivity rules (Cheng and Kasehagen 1994, Cheng
and Bennett 1991) and from the 3C shifts of model reactions carried out in this work involving the Diels-Alder
reactions of 1,4-dimethylfuran and maleimide (*C shifts found at 177, 141, 87, 54, and 16 ppm), and 1,4-
dimethylfuran and N-phenylmaleimide (**C shift found at 174, 141, 131, 129, 128, 126, 88, 53, 16 ppm). The
amounts of different species present were estimated by using the area of the 22.3 ppm peak (w-2 in the fatty acid)
as reference and taking the areas of the peaks for other species. From C NMR spectrum of the Diels-Alder
product of EMLO furan and maleimide (FIGURE 2, upper plot), the furan peaks and methoxy peaks can be seen as
in FIGURE 1. In addition, the Diels-Alder product can be clearly observed (di, dz ds, and ds) and quantified.
Likewise, the 3C NMR spectrum of the Diels-Alder product of ESO furan and maleimide is given in FIGURE 2,
lower plot. Asin FIGURE 1, the furan and glycerate peaks can be clearly observed in the spectrum; moreover, the
Diels-Alder products can be observed (di, d2, ds, and ds) and quantified. Note that in the spectra there were many
peaks in the 72-86 ppm range; these corresponded to the polymers of EMLO or ESO (Liu and Erhan 2010, Liu et al.
2009), which were also generated by the action of the fluorosulfonic acid.

O_ f

OMe
-2
-COO- f
2 S
e L e L
-1
g
-COO- f, g s

o L -

r-rr~r 1 1 1 1 1 1 1 "1 T T T T T T " T7°
80 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
f1 (ppm)
FIGURE 1. 3C NMR SPECTRA OF SAMPLE 8 (FURAN DERIVATIVE FROM EMLO), UPPER SPECTRUM, AND SAMPLE 19 (FURAN
DERIVATIVE FROM ESO), LOWER SPECTRUM,; F = FURAN, G = GLYCERATE, S=RESIDUAL SOLVENT (ETHYL ACETATE)
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FIGURE 2. 3C NMR SPECTRA OF SAMPLE 29 (DIELS-ALDER PRODUCT FROM FURAN-MALEIMIDE DERIVED FROM EMLO), UPPER
SPECTRUM, AND SAMPLE 30 (DIELS-ALDER PRODUCT FROM ESO), LOWER SPECTRUM,; F = FURAN, D = DIELS-ALDER PRODUCT, G =
GLYCERATE, E = RESIDUAL EPOXIDE, M = RESIDUAL MALEIMIDE, S = RESIDUAL SOLVENT (ETHYL ACETATE)

Results and Discussion

Epoxidization of methyl linoleate and soybean oil was achieved in the presence of hydrogen peroxide and
perbenzoic acid (La Scala and Wool 2002, Doll and Erhan 2005). ESO was also purchased commercially. The NMR
spectra indicate that the conversion of olefins to epoxides was almost quantitative in these samples.

Furan Formation

This work was initiated by our finding that the reaction of a strong acid with the diepoxide of methyl linoleate
produced the furan structure, where R, R? correspond to the fatty chain residue.

O Rl O R2
/U / \\ Acid \ /
—CHZ—CH—CH—CHZ—CH—CH—CHz >

A systematic study was then made to optimize this reaction. First, five acids were selected for the reactions with
epoxidized methyl linoleate (EMLO): fluorosulfonic acid, perchloric acid, sulfuric acid, p-toluenesulfonic acid, and
trifluoroacetic acid. In each case the same amount of acid was used and the reaction was conducted at 80°C.
Analysis was carried out by C NMR, as delineated in the Experimental Section. The quantitative results are
summarized in Table 1 (samples 1-5). Under the reaction conditions used, it is clear that fluorosulfonic and sulfuric
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acid gave the highest levels of furan. Perchloric acid also produced some furan, but the extent of ester hydrolysis
was high (86%). The other two acids, p-toluenesulfonic acid and trifluoroacetic acid, did not produce any furan at
all. Moreover, varying amounts of hydrolysis of the methyl ester was found in all the samples.

The perchloric acid used contained about 30% water. It was suspected that the water present caused the high level
of ester hydrolysis. To prove this hypothesis, we carried out the same reaction with fluorosulfonic acid, except
with two levels of water added (Table 1, samples 6 and 7). Indeed, the data indicate that with the presence of
water the ester hydrolysis levels increased and the furan levels were suppressed.

We next examined the role of solvent. Five solvents were used for the reaction with 15 mg fluorosulfonic acid:
ethyl acetate, chloroform, toluene, heptanes, and methylene chloride. In each case, the reaction mixture of EMLO,
fluorosulfonic acid and solvent were stirred vigorously during heating. As it turned out, all solvents used gave
roughly the same levels of furan and ester hydrolysis, 23-30%, with the exception of methylene chloride (Table 2).
In the case of methylene chloride, the lower ester hydrolysis was due to the lower temperature used (vide infra). In
view of the ready solubility of fluorosulfonic acid in ethyl acetate, we preferred to use ethyl acetate as the solvent
in the rest of this work.

TABLE 1. EFFECTS OF DIFFERENT ACIDS ON ESTER HYDROLYSIS AND FURAN FORMATION, ALL RUNS DONE WITH 1 GRAM EMLO IN ETHYL ACETATE

SOLVENT AT 77°C
No sample condition reaction time (h) ester hydrolysis (%) furan (%)
1 EMLO fluorosulfonic, 20 mg 24 32 12
2 EMLO perchloric, 20 mg 16 86 5.5
3 EMLO sulfuric, 20 mg 16 38 11.5
4 EMLO p-toluenesulfonic, 20 mg 16 4 0
5 EMLO trifluoroacetic, 20 mg 16 4 0
6 EMLO fluorosulfonic, 20 mg + water 25 ul 16 86 4
7 EMLO fluorosulfonic, 20 mg + water 50 ul 16 96 5

TABLE 2. EFFECTS OF DIFFERENT SOLVENTS ON HYDROLYSIS AND FURAN FORMATION, ALL RUNS DONE WITH 1 GRAM EMLO AT 24 HOURS

No sample solvent condition reaction temp (°C) ester hydrolysis % furan %
8 EMLO EtAc fluorosulfonic, 15 mg 77 30 12
9 EMLO CHClIs fluorosulfonic, 15 mg 61 25 13.5
10 EMLO Toluene fluorosulfonic, 15 mg 80 23 12.5
11 EMLO Heptane fluorosulfonic, 15 mg 80 24 13.5
12 EMLO CH2Cl2 fluorosulfonic, 15 mg 40 13 14
TABLE 3. EFFECTS OF DIFFERENT LEVELS OF FLUOROSULFONIC ACID AND REACTION TEMPERATURE ON ESTER HYDROLYSIS AND FURAN FORMATION, ALL
RUNS DONE WITH 1 GRAM EMLO AT 24 HOURS
No sample condition reaction temp (°C) ester hydrolysis (%) furan (%)
8 EMLO fluorosulfonic, 15 mg, 2g EtAc 77 30 12
13 EMLO fluorosulfonic, 15 mg, 2g EtAc 25 17 14
14 EMLO fluorosulfonic, 10 mg, 2g EtAc 25 6 7
15 EMLO fluorosulfonic, 5 mg, 2g EtAc 25 5 3.5
16 EMLO fluorosulfonic, 2.5 mg, 2g EtAc 25 2 3

TABLE 4. EFFECTS OF DIFFERENT LEVELS OF FLUOROSULFONIC ACID, REACTION TIME, AND REACTION TEMPERATURE ON ESTER HYDROLYSIS AND FURAN

FORMATION, ALL RUNS DONE WITH 1 GRAM ESO

No sample condition reaction temp (°C) reaction time (h) | ester hydrolysis (%) furan (%)
17 ESO fluorosulfonic, 5 mg, 2g EtAc 60 16 8 3

18 ESO fluorosulfonic, 10 mg, 2g EtAc 60 16 18 6

19 ESO fluorosulfonic, 20 mg, 2g EtAc 60 16 35 6

20 ESO fluorosulfonic, 50 mg, 2g EtAc 60 16 49 7

21 ESO fluorosulfonic, 10 mg, 2g EtAc 60 1 hr 16 4.5

22 ESO fluorosulfonic, 10 mg, 2g EtAc 60 2 hrs 22 4.5

23 ESO fluorosulfonic, 10 mg, 2g EtAc 60 12 hrs 23 4.5

24 ESO fluorosulfonic, 10 mg, 2g EtAc 25 24 5 5

25 ESO fluorosulfonic, 20 mg, 2g EtAc 25 24 9 5
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TABLE 5. DIELS-ALDER (DA) REACTION OF FURAN PRODUCTS DERIVED FROM EMLO AND ESO. ALL REACTIONS DONE WITH 1 GRAM STARTING MATERIALS

No | sample | DA mode condition ti:;tzfg) reaction time (h) | hydrolysis (%) | furan (%) DA E);(;duct
8 | EMLO none fluorosulfonic acid, 15 mg 60-65 0 30 12 0

26 8 two-step 0.1g MA 60-65 24 33 1

27 8 two-step 0.2g MA 60-65 24 33 5 3

28 8 two-step 0.2g PMA 60-65 24 33 3

29 | EMLO | one-step ﬂuomsulf"mcf/ff’ 0mg*+0.1g 1 465 16 19 105 35

30 ESO | one-step fluorosulfonic acid, 20 mg + 0.1g 50 o4 9 » 3
MA

31 | EMLO | one-step fluorosulfonic acid, 20 mg + 0.1g 35 16 7 4 ”
MA

3 ESO one-step fluorosulfonic 1\a/[c[lxd, 20mg +0.1g 35 24 5 4 3

We also examined the effects of reaction temperature and acid level. To check the effect of temperature, we carried
out a run using 15 mg of fluorosulfonic acid at 25°C (Table 3, sample 13). In this case, the amount of ester
hydrolysis was almost reduced to one-half, while the furan level increased slightly (cf. samples 8 and 13). In
addition, the level of fluorosulfonic acid was decreased from 15 mg to 2.5 mg, while keeping all other reaction
parameters the same (Table 3, samples 14, 15, 16). In this case, the hydrolysis and the furan levels steadily
decreased with decrease in acid level. At lower acid levels, some unreacted epoxide could be observed. Thus,
there appears to be an optimal temperature and acid level that can maximize furan concentration and minimize
ester hydrolysis.

Whereas epoxidized methyl linoleate is a useful material, it is even more interesting to study the reaction of the
fluorosulfonic acid with epoxidized soybean oil (ESO). The reaction of ESO with different levels of fluorosulfonic
acid (from 5 mg to 50 mg) is shown Table 4 (samples 17-20). Note that as the acid level increased, ester hydrolysis
also increased; the furan level was lower at low acid level, but increased steadily with higher acid levels. The
trend was consistent with what we observed for EMLO (Table 3). The reaction with 10 mg fluorosulfonic acid was
also studied at different reaction times (Table 4, samples 21, 22, 23). In this case, the effect of reaction time
appeared to be relatively small. The reaction seemed to occur quickly and was completed after 2 hours. Finally,
the reaction of fluorosulfonic acid with ESO was studied at a lower temperature, 25°C (Table 4, samples 24, 25).
Relative to the 60°C reaction, the ester hydrolysis decreased by one-half at 25°C, whereas the furan level stayed
about the same. This trend was similar to that found for EMLO (Table 3).

From the foregoing results, it seems that we can produce up to 10-14% furan in EMLO and about 5% furan in ESO
under the reaction conditions studied thus far.

Diels-Alder Reactions

The ability to produce furan functionality in soybean oil and methyl linoleate systems provides an opportunity to
derivatize the furan. One possible derivatization is the Diels-Alder reaction. As illustration, two compounds were
chosen for this study: maleimide (MA) and N-phenyl maleimide (PMA).

>
| N—R; —
|

|

(0]

R
=
=

2
o) +
Ry

where Ri and Rz denote the two parts of the linoleic moiety adjacent to the furan ring, and Rs is H or phenyl for MA
or PMA, respectively. We started with a sample of furan product (sample 8) derived from EMLO; this sample
contained 12% furan. Diels-Alder reaction was carried out in ethyl acetate at 60-65°C for 24 hours. *C NMR
analysis was used to identify and to quantify the reaction product as described in the Experimental Section. At 0.1
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g and 0.2 g MA, about 1 and 3% Diels-Alder product was observed, respectively (Table 5, samples 26, 27).
Likewise, at 0.2 g PMA, about 3% Diels-Alder product was observed (Table 5, sample 28). Note that the furan level
also decreased as Diels-Alder products were formed, but the sum of furan and Diels-Alder product levels was less
than the starting furan level, suggesting that some byproducts (as yet unidentified) were also formed.

We then sought to do the furan formation and Diels-Alder reaction in one step. Within the same reaction vessel,
we placed EMLO, fluorosulfonic acid, maleimide, and ethyl acetate solvent. The reaction mixture was heated at
60°C for 16 hours. Analysis was again carried out by 3C NMR. The results (Table 5, sample 29; also FIGURE 2,
upper plot) indicated 3.5% Diels-Alder product was produced. The ester hydrolysis level was reduced perhaps
due to the buffering action of maleimide. We also attempted the one-step reaction on ESO at 50°C. The result
(Table 5, sample 30; also FIGURE 2, lower plot) also seemed satisfactory, with about 2% furan and 3% Diels-Alder
product formed.

As an additional iteration, we lowered the reaction temperature to 35°C. The results for EMLO (Table 5, sample 31)
are better, with about 4% furan and 7% Diels-Alder product formed. For ESO, the results at 35°C (Table 5, sample
32) are slight improvements over those at 50°C, with a higher level of furan (4%), the same amount of Diels-Alder
product (3%), and a lower level of ester hydrolysis (5%). It is possible that even further improvements may be
possible with additional process studies.

Potential Applications

Thus, through the use of an acid, it is possible to produce the furan functionality from epoxidized methyl linoleate
and epoxidized soybean oil. The furan functionality is a useful synthon for further derivatization reactions. As
proof of concept, the Diels-Alder reaction between the functionality generated in this work has been demonstrated
for maleimide and N-phenyl maleimide. Other Diels-Alder derivatives can be likewise devised. For example, the
maleimide derivative with p-aminobenzoic acid (PABA) may be of interest. The PABA-maleimide compound can
be adducted onto the soybean oil-furan with the Diels-Alder reaction. Since PABA is a well-known active
ingredient in sunscreens, this Diels-Alder adduct of soybean oil can probably be used for the sunscreen application.
As another example, nicotine is a natural insecticide; it can be grafted onto maleimide and attached to soybean oil-
furan through Diels-Alder reaction to produce a potentially active ingredient for insect repellent on skin. For these
types of applications, a high level of the Diels-Alder derivative in triglycerides or fatty acid methyl esters may not
be necessary. Application work involving furan and Diels-Alder reactions may be contemplated in the future.

Conclusion

In contrast to petroleum-based raw materials, plant oils are considered desirable alternatives for the syntheses of
selected specialty chemicals. The present data give one example of how the furan moiety can be derived from
soybean oil. In the process studies thus far, 10-14% furan can be produced in epoxidized methyl linoleate and
about 5% furan in epoxidized soybean oil. This furan functionality can be further derivatized to generate new
products from plant oils. As proof of principle, the Diels-Alder products of furan-maleimide and furan-N-phenyl
maleimide have been synthesized. Since the Diels-Alder chemistry of furan is rich with structural possibilities
(Kappe et al. 1997), potentially a family of new structures can be made based on the furan produced from
triglycerides and fatty acid methyl esters.
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Abstract

Agricultural production in a farm is a complex process, which requires much knowledge about farming and related agricultural
information. The farmer communities have to make complicated decisions during a short time. This process includes the choice
of decisions about agro-business strategy and technology, and suitable timely decision-making contributes to maximize farm
revenue. Mathematics and Information Technology are providing the resources to cope up with such situations. Decision
Support System (DSS) estimates the efficiency of possible decisions, reduces uncertainty, and selects the best possible decisions.
The main objective of the proposed DSS is to analyze meteorological parameters such as Temperature, Humidity and Rainfall
and agriculture product ‘Last Year Supply’ data of last five years in the district of Surat (Gujarat, India) and thereby to predict
agriculture product market price that ultimately helps the farmer community to take decisions prior to Crop Cultivation.
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Introduction

India is an agriculture dependent country and the farmer community of India is the backbone of the country. In
India, more than 60% of the agriculture sector depends on the natural resources like rain and sun light for survival
[1]. Approximately one-fifth GDP of India is contributed from this agriculture sector [2] and 69% of the population
depends upon the rural economy for their livelihood [3]. “Climate variability in recent past and signals of climate
change over the Indian region cause concern in the agricultural sector and also make farming more challenging in
the country” [6]. Under such anomalies of meteorological parameters, more scientific and accurate information is
needed by the farmers in the country for proper farm management including risk management and to further
develop their adaptive capacity with improved planning and better management decisions.

The ultimate aim of the farmer community is to make profit from the sustainable cultivated agricultural product.
At the time of agriculture product cultivation, the farmer community should have an idea about the price they will
get in the market in future. This study aims at decision support at the time of crop cultivation for the farmer
community by predicting agricultural product future market price. The agricultural commodity market price
depends on various parameters like market price history as well as meteorological variations and ‘Demand and
Supply’ theory. As a result, the commodity market prices observe considerable fluctuations. The researchers have
been developing Agriculture Intelligence and this study is a part of it. The main objective of this DSS is to analyze
market agriculture product ‘supply’ and linked meteorological parameters such as Temperature, Humidity and
Rainfall in the determination of agricultural product market price in the district of Surat (Gujarat, India). The
researchers have carried out different experiments using various parameters and have decided to involve selected
parameters such as Meteorological Parameters and ‘Last Year Supply’ [33].

‘Cobweb Theorem’ [4] of agricultural product price policy determination says that, ‘current year’s price determines
the next year’s supply and next year’s supply determines that year’s price’. In support of the ‘Cobweb Theorem’,
several econometrics literatures [21, 22 and 23] show that particular agriculture product supply determines the
entire price strategies of that product in the market for the next year. So considering such theorem, the researchers
would like to apply a new feature as ‘Last Year Supply’ in the prediction of agricultural product price
determination. There are several DSS provided by government and private agencies in the domain of agriculture

36 International Journal of Agricultural Science and Technology, Vol. 3, No. 2—August 2015
2327-7246/15/02 036-10 © 2015 DEStech Publications, Inc.
doi:10.12783/ijast.2015.0302.02



Sustainable Decision Support System for Crop Cultivation 37

sector [6 and 7] for farm management. The main goal of this study is to present the analysis of linked agriculture
supply data with meteorological data that helps agriculture stakeholders in predictive agriculture product price,
and thereby, help the farmer community in their risk management and betterment of their ultimate goal of profit
making. In this study, the researchers performed several experiments for different agriculture commodities and
prepared relative visuals in the form of comparative chart and determined accuracy using the statistical measure
‘Mean Average Percentage Error’.

Literature Survey

In support of the ‘Cob-Web Theorem’ [4], several econometrics literatures [5, 23, 24 and 25] show that particular
agriculture product supply determines the entire price strategies of that product in the market for the next year.
‘Demand and Supply’ theory also determines the supply of the agriculture product in the market. Agriculture
product demands depend on population factor of that geographical region. Therefore, in the short run, demand
will not drastically change and that is why agricultural product price strategies depend on the supply of that
product.

[8], aimed at two different systems for analysis ‘Farming System” and ‘Management System’. They discussed about

their ‘farm production model’ with two case studies of one with broad-scale commercial agriculture in
northeastern Australia and the other with resource poor smallholder farmers in Africa and tried to simulate the
biophysical performance of farm production systems. [9], developed a DSS that discussed about farm level
indicators of sustainable land management development. This study made use of the Framework for Evaluation of
Sustainable Land Management (FESLM) to determine the environmental, economic and social sustainability of
major farming systems in the Prairie Region of Western Canada. Local knowledge obtained from questionnaires
and interviews was conducted for addressing gaps in information requirements for sustainability assessment. They
conclude with the remark that ‘Incorporation of local farmer knowledge is essential to address data and
information gaps’. [10], developed a ‘The Panting Date Calculator’ which is a decision support system for
agriculture that assists farmer and crop consultants for scheduling planting. This tool was utilized to schedule
planting and project the growing season based on historical climate data, risk tolerance, and other factors. The
Planting Date Guide matches the climatic parameters such as frost-free period, growing degree-days, and relative
maturity days for a selected field.

[11], suggested an engineering approach on mathematical models of systems and processes, contributed new
methods that support decision making at all levels from strategy and planning to tactics and real-time control in
farm management. Their results indicate that, Precision in decision making leads to decreased use of inputs, less
environmental emissions and enhanced profitability — all essential to sustainable agriculture systems. [12], have
evaluated the significance of meteorological parameters in the implementation of agriculture engineering practices
in the Tabuk region of the Royal Kingdom of Saudi Arabia. In this study, they observed that among all the
meteorological parameters, temperature and relative humidity greatly influence the production of crops like wheat,
potato, fruits and vegetables in this region. [13], have studied the importance of meteorological variables in the bias
of Potential evapotranspiration estimated in Crete, Southern Greece. In this study, they have used Principal
Component Method (PCM) as extraction method and then step wise Multiple Linear Regression Method (MLRM)
was performed. Both factor and regression analyses were performed in Statistical terms (StatSoft-2007). The result
was shown for the correlation coefficients between the daily meteorological observation and other factors.

All the above and other literature reviews related to DSS [14, 15 and 16] as well as meteorological parameter
analyses [17,18,19 and 20] in this domain, directly or indirectly refer to the decision support in agriculture
production and impact of meteorological parameters in various agriculture field operations such as sowing, water
management, crop protection, soil management, and harvesting. Various price prediction and price forecasting
approaches have been suggested by [24-30] in the domain of agricultural product price determination. In this study,
the researchers intend to show the relevance of meteorological parameters linked with agriculture supply in the
agriculture product market price determination. Trustworthy agriculture-product supply data and meteorological
data also help to optimize planting schedules, growing days, irrigation needs, and harvest time. Reduced chemical,
pesticide, and fertilizer spraying volumes are also an important outcome of in-time prior crop cultivation decision
making.
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Data Collection and Preprocessing

The researchers have collected the history price and supply data from the Agriculture web portal,
www.agmarknet.nic.in of Government of India, from 1st January 2009 to 31st December 2014. Meteorological data
like ‘Humidity’, ‘Temperature’ and ‘Precipitation’ (Rainfall) was collected from IMD (India Meteorological
Department) for the base station ‘Surat’ for the same period.

Such collected meteorological data has been pre-processed and set in line with the daily average agriculture
commodity market price data for the same date to perform further analysis. At the same time using some line of
code, the researchers also set in line the ‘Last Year Supply’ data for the respective agriculture commodity for the
same date. Here the data filled as the ‘average supply of that week’ for which the ‘Last Year Supply” was not found
and thus it ensured value for every day supply for existing data. The researchers have selected ten Agriculture
Commodities such as ‘Lady Finger (Bhindi)’, ‘Brinjal’, ‘Cabbage’, ‘Cauliflower’, ‘Green Chilly’, ‘Lemon’, “Onion’,
‘Potato’, ‘Surat Beans (Papadi)’ and ‘“Tomato’ for the entire said period of the analysis.

TABLE 1. EXPERIMENT DESIGN: AGRICULTURE COMMODITY-BHINDI (LADY FINGER)

Data
E . Used
;ljr ]?S:r Parameter Used Para. Tool / Mape
: Pred. | Method Used p
No. Last
Years
5 oPr - - - - - P S Wessa (L) -
4 oOP - - - - - P_S Wessa (L) -
1 3 oPr - - - - - P S Wessa (L) -
2 or - - - - - P S Wessa (L) -
1 oPr - - - - - P S Wessa (L) -
5 P S - - - - - PRC Wessa (L) 0.2384
4 P_S - - - - - PRC Wessa (L) 0.2404
2 3 P_S - - - - - PRC Wessa (L) 0.2379
2 P_S - - - - - PRC Wessa (L) 0.2154
1 P S - - - - - PRC Wessa (L) 0.2211
5 PSS - - - - - PRC Wessa(Q2) 0.2403
4 PSS - - - - - PRC Wessa(Q2) 0.2401
3 3 P S - - - - - PRC Wessa(Q2) 02372
2 P S - - - - - PRC Wessal(Q2) 0.2155
1 P_S - - - - - PRC Wessa(Q2) 02227
5 oPr - - - - - PRC TLAB 0.2499
nntool
4 o_P - - - - - PRC TLAB 0.2400
nntool
1 3 oPr - - - - - PRC TLAB 0.2350
nntool
2 o_P - - - - - PRC MATLAB 0.2559
nntool
1 oPr - - - - - PRC TLAB 0.3640
nntool
5 5 ™ HM RF SPL - - PRC TLAB 0.2190
nntool
(5] 5 ™ HM RF SPL LYP - PRC TLAB 0.2278
nntool
7 5 ™ HM RF LYS - - PRC MATLAB 0.1813
nntool
8 5 ™ HM RF LYS - - PRC Wessa (L) 0.2027
9 5 ™ HM RF LYS SPL - PRC TLAB 0.23%6
nntool
10 5 ™ HM RF LYS LYP - PRC TLAB 0.2490
nntool
11 5 ™ HM RF LYS SPL LYP PRC TLAB 02722
nntool

O_P-Old Price, SPL-Supply, P_S-Predicted Supply TM-Temperature, HM-Humidity, RF-Rain Fall, LYS-Last Year Supply, LYP — Last Year
Price, PRC-Price
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Experiment Design and Methodology

After the data was pre-processed, the researcher carried out eleven different experiments with sub-experiments
using various meteorological parameters as well as other parameters such as ‘Old Supply’, ‘Old Price” and ‘Current
Supply’ to predict the future agriculture commodity price using last five years’ data. As shown in [3], other than
this, the researchers also applied various ranking algorithms to decide the meteorological parameters in further
experiments. Through these experiments, the researchers decided to involve selected parameters Temperature,
Humidity and Rainfall as Meteorological Parameters and ‘Old Supply’ that support ‘Cob-Web Theorem’, for
further analysis. The experiment inputs, parameter and technology or tools used are as mentioned in table 1.

As shown in table 1, the researchers started experiments with Sr. No. 1 and 2 as per the ‘Cob-Web Theorem’, which
says that ‘current year’s price determines the next year’s supply and next year’s supply determines that year’s
price’. So here, Sr. No. 1 indicates the prediction of next year’s supply (Predicted Supply — P_S) using old year’s
price (O_P). Such predicted supply (P_S) was used for experiments Sr. No. 2 to predict Price (PRC) for all last 5
years’ data. Here the researchers would like to note that, as per the ‘Cob Web Theorem’ only the last year data
predicts the next year’s price. However, these experiments show that the result will be better, if we consider last
two years’ supply data rather than considering only the last year supply data, for future price prediction. Further,
the experiment design Sr. No. 7 shows that, meteorological parameters - Temperature (TM), Humidity (HM) and
Rain Fall (RF) and Last Year Supply (LYS) as input data, predict future Price (PRC) with higher accuracy compared
to the rest experiment designs. So the researchers selected these parameters for all further experiments with last
five years’ data i.e. from 1st January 2009 to 31st December 2013 as the training data and Last One year data i.e.
from 1st January 2014 to 31st December 2014 as testing data. The researchers designed the experiments using the
online statistical tool “Wessa’ (Web-enabled scientific services and applications) [34] with linear and non-linear
regression analysis and ‘nntool” of Matlab (R2012a) with ‘feed forward back-propagation” algorithm. Experiment
design results show that linear and non-linear regression has very less amount of variation in prediction of the
future price.

Pre-processed data has applied to Multiple Regression Analysis methodology using Statistical tool (Wessa) and
evaluated results of estimated regression equation in the form of multiple parameters of single equation have
generated. In this equation Temperature, Humidity, Rainfall, Last Year Supply are independent variables and

Predicted Price is dependent variable as follows:
Price (Y)=Bo+ﬁl*X1+Bz*X2+Bs*X3+B4*X4

Where, Y= Predicted Market Price
X1 = Temperature
Xz = Humidity
Xz = Rainfall and
Xa = Last Year Supply
0 = Intercept
n = number of observations
Bo-Y + B1* X1 +B2%X2 +B3* X3 +Ba*
8i,1i=1to 4 can be calculated as follows:

- EXD-EY)

2
zoxiz)- &2

Experiments have also been performed in the Artificial Neural Network using nntool of MATLAB. In this tool,
Training data was given in the form of four Input Data and one Target Data. Testing data in this tool was treated as
‘Sample Data’. On the basis of such applied data, the output data in the form of Predicted Price data was generated
after applying training and having simulation on such sample data. At the time of creating and training the
Artificial Neural Network using nntool of MATLAB, the ‘Feed forward Back Propagation’ algorithm has been used.
This kind of neural network consists of three layers—the input layer, hidden layer(s), and output layer. These
layers are connected to each other and the output of each previous layer becomes the input to the next layer. In this
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experiment Inputs ‘Temperature’, ‘Humidity’, ‘Rainfall” and ‘Last Year Supply’ are weighed and sent to processing
neurons in the next layers. This Artificial Neural Network contains four input layers and one output layer that act
like independent and dependent variables in a regression model. The number of neurons in the input and output
layers relates to the number of parameters taken from the problem and equals to independent and dependent
variables. The hidden layers play a very important role in the successful application of ANNSs. The hidden neurons
in the hidden layer allow ANNSs to capture the pattern in the data and allow the network to generate numerous
relationships between the inputs and outputs. One hidden layer may be enough for most forecasting problems. The
hidden layer might contain one or more neurons, the single hidden layer feed forward network have calculated as
follows:

Price (Y) =G ( a0 + Z;’=1aj F(bnj+z;,1=1bji*Xi ))

where Y is the output layer with one neuron and Xi is the i th input. Any hidden layer unit receives the weighted
sum of all inputs and a bias term ( boj) and produces an output signal through the hidden transfer function ( F ).
Where bjj is the weight of its connection from the i th input unit to the j th hidden layer unit. Similarly, the output
unit receives the weighted sum of the output signal of the hidden layer with a bias term ( @o0), and produces a

signal through the output transfer function (G ). Where ajis the weight of the connection from the j th hidden
layer. Where p and q represent the number of neuron in hidden and input layers.

The researchers evaluated the results using measures for forecasting Mean Absolute Percentage Error (MAPE). The
researchers have also shown the predicted trend of selected commodity in the form of graphical notation for visual
convenience. In this study, the researchers have also tried to compare the outcomes of Statistical technique
Multiple Regression Analysis with the outcomes of the data mining techniques Neural Networks, and accordingly
have shown the results and analyses of the experiments.

MAPE = i* s Abs(Yi-Y)

=1y, and Accuracy % = (1 - MAPE) * 100

Experimental Result and Analysis

Analysis and result for the meteorological data has been done using the Statistical techniques (multiple regression
analysis) and data mining techniques (Neural Network) during the different agricultural commodities for the
period January 2009 to December 2013 and tested for the period January 2014 to December 2014. The researchers
have prepared the following analysis table with estimated linear regression equation that helps us to analyze the
accuracy of both the techniques. This table compares both the techniques using the forecasting measures Mean
Absolute Percentage Error (MAPE). Comparative analysis is shown in Table 2.

TABLE 2. COMPARATIVE ANALYSES FOR AGRICULTURE PRODUCT PRICE PREDICTION WITH MRA BETA VALUE

MAPE Multiple Regression Analysis ‘ Seta’ Value
. Neural Multiple Intercept Temperature Humidity Rainfall Old Year
Agriculture .
SR Commodity Network Regression Supply
MATLAB Analysis
(nntool) (WESSA) 80 81 82 B3 B4
01 Bhindi 0.2163 0.2022 4431.25 -66.8477 -11.3193 1.3691 0.3660
02 Cualiflower 0.2840 0.2821 1773.98 -30.9477 5.1724 -2.7563 -1.4173
03 Greenchilly 0.3443 0.3377 -715.86 71.3193 4.6177 3.1988 13.4900
04 Onion 0.3442 0.2723 2852.80 -62.4558 6.3378 -2.7188 -2.1713
05 Potato 0.3921 0.4073 909.19 4.2734 2.3973 -0.0075 -0.8776
06 Surat Beans 0.2629 0.2329 -945.03 147.7161 15.1438 -2.8844 37.2132

In the agricultural commodity market, the price of the agricultural product depends on the ‘Seasonal” factors. To
enhance the accuracy level, the researchers have classified the entire year data into three seasonal compartments
viz. ‘Winter’, ‘Summer’ and ‘Monsoon’. Here in these experiments, ‘Winter’ season considers the data for the
months of Nov, Dec, Jan and Feb. ‘Summer’ season considers the data for the months of Mar, Apr, May and Jun.
And ‘Monsoon’ considers the data for the months of Jul, Aug, Sep and Oct. For visual convenience, the researchers
have showed few agricultural products seasonal for analysis in graphical form as indicated in figs. 1 to 6. These
figures explain the prediction accuracy by the product price for different seasons.
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Considering the inflation rate in the agricultural product price, the researchers calculated the percentage change in
price for particular agricultural commodity (Table 3) and calculated the average percentage change in price using
the statistical techniques ‘weighted moving average’. Applied modifications ‘before’ and ‘after’ considering
percentage change in price are shown in figures 7 and 8.

TABLE 3. CALCULATED WEIGHTAGE MOVING AVERAGE PERCENTAGE CHANGE IN PRICE

AVERAGE PRICE
SR Agriculture Average %
Commodity 2009 2010 2011 2012 2013 Ain Price
Bhindi
. ! 1309.71 1875.94 1744.39 2562.33 2440.68
1 (Lady Finger)
(% Ain Price) 43.23 -7.01 46.89 -4.75 19.59
Green Chilly 1393.00 1798.98 1762.17 2159.57 2948.01
2
(% B in Price) 2914 205 2255 36.51 2154
Weightage per Year & 1.00 2.00 3.00 6.00
450000 == BHINDI Price-2014 ««++ Pradicted BHINDI Price-2014 MAPE: 0.2163
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The above tables and figures indicate the accuracy level is higher than that of the accuracy achieved earlier using
‘only price history” data or using ‘only meteorological data” without considering change in price. Therefore, the
researchers infer that ‘last year supply’ data when properly linked with meteorological data, impacts reasonably on
the future price prediction of agricultural product. In this study, the researchers have tried to enhance the accuracy
of the predicted data in different scenarios such as ‘Seasonal Prediction’, ‘Prediction with considering Percentage
Change in price’ (yearly) and even by converting the training data in the form of the ‘Bi-variants Matrix” of ‘Month-
Day of Month v/s years’. Such decision support can also be useful to the body or group of persons who involve in
formulation of “‘Minimum Support Price’. Such DSS can be utilized for the betterment of ‘Agriculture Intelligence’
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in the better decision-making process of agriculture stakeholders. As the researchers have included last five years’
data, the processing of data availability takes less time that gives the ‘Sustainability’ factor to such DSS. During the
study, the researchers conducted many experiments and based on the results generated the researchers would like
to infer that ‘Last Year Supply data of the agriculture products is involved in future price determination of
agriculture products’.

Conclusions

Based on the experiments conducted by the researcher in this study, the researcher would like to conclude that Last
Year Supply affects significantly when it is properly linked with meteorological parameters that influence climate
variability and thereby crop production quality and crop price. Agriculture commodity market is a highly
fluctuating market and the price of the agricultural product depends on so many parameters other than those
analyzed by the researchers have in this study. Still, the researchers have achieved more than 80% of accuracy in
the selected agricultural commodities. Such predicted price data helps the farmer community and the agriculture
consultants in their decision making for cultivation, scheduling planting, planning and other farm management
tasks such as irrigation planning, purchase of pesticides etc. prior to crop cultivation. This DSS can also be useful to
agriculture stakeholders other than farmers such as Agricultural Consultants, Agri-Business Brokers, Minimum
Support Price Recommendation Agencies, APMC Brokers and many more. The potential benefit of these DSS lies
in assisting the agricultural product producers in making better-informed decisions.
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Abstract

Vapor instant release and superheated liquid flash evaporation in foods are the two main factors in steam-puffing. The
condensed water produced by saturated steam is absorbed by the food material, thereby increasing moisture content. A model,
which incorporated moisture content, radius, mechanical properties of un-puffed materials, properties of saturated steam, was
generated. Spherical carrots (diameter: 10+1 mm) were used. The results revealed that the puffing power model can be used to
predict the relationship between puffing ratio (R? >0.95) and moisture content (20-32%), and the relationship between puffing
ratio (R? >0.99) and saturated steam temperature (390-430 K). Sufficient moisture content was the basis for producing
superheated liquid for puffing; superheated steam at high temperatures was necessary for the formation of superheated liquid
and high vapor pressure values in food materials.

Keywords

Modelling; Power; Puffing; Instant Pressure Drop; Saturated Steam; Carrot

Introduction

Steam-puffing of foods occurs in two stages. In the first stage, food materials are heated by steam. In the second
stage, the pressure in the heating chamber is released, and the volume of the food material increases due to
pressure differences and flash evaporation ((Rezzoug et al., 2000; Mounir et al., 2011; Louka et al., 2004).

Foods consist of solids, moisture, and gas. Water in porous materials evaporates rapidly, leading to volume
expansion (Datta 2007). Studies focused on far-infrared, heated air and high-power microwave-puffing revealed
that moisture flash evaporation is crucial in puffing. Additionally, the puffing capacity of high-power microwave is
greater than that of far-infrared, heated air (Nath et al., 2007; Rakesh et al., 2011). The relationship between food
deformation and energy during bread baking reveals that the former is related to pressure gradient and that the
pressure of internal water evaporation is greater than that of steam pressure (Zhang et al., 2005).

Solid mechanics allows the study of the relationship between mechanical properties and dynamics. Niamnuy et al.
(2008) reported that volume changes of shrimp during spouted bed-drying were dependent on the mechanical
properties and the gas in food material. The mechanical behavior of microwave vacuum-dried dough has been
described using a finite element method (Ressing et al., 2007). The duration of material expansion and deformation
in these studies was significant; therefore, these studies may not be applicable in the steam-puffing of fruits and
vegetables. The instant release of energy from superheated liquid is commonly reported in the food industry.
When liquid achieves high temperatures, the liquid is referred to as a superheated liquid that has explosion
capacity. At certain conditions, the liquid explodes, i.e., it becomes a “boiling liquid expanding vapor explosion”
(Reid, 1979). Compressed liquefied gas involves gas and liquid phases; its energy is related to the volumes of gas
and liquid (Gong et al., 2004; Lin et al., 2010; Prugh, 1991). Chen et al. (2008) reported that a two-phase layer forms
on the liquid surface after the vessel is opened (3—4 ms), the whole liquid boils after about 17 ms, and the boiling of
superheated liquid disappears from38 ms to 168 ms. Therefore, the energy release of superheated liquid occurs
during a very short period of time.

The power of instant pressure drop in steam-puffing mainly includes two parts: internal gas pressure of the
material and overheating degree of moisture. Quantitative studies on steam-puffing power have not been
performed. Because there is a unique relationship between temperature and pressure in saturated steam, it is
important to understand the steam-puffing mechanism. In this study, we discussed the role of gas and superheated
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liquid in materials during saturated steam instant pressure drop.

Materials and Methods

Experimental Set-Up

A schematic diagram of a saturated steam puffing instrument (VP-100, Lizhong, Quanzhou, China) is shown in
Fig. 1.
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FIG. 1 SCHEMATIC DIAGRAM OF INSTANT PRESSURE DROP PUFFING WITH SATURATED STEAM.

(1)cover; (2) monitor; (3) thermometer; (4) locking bolt; (5) temperature sensor; (6) drain cover; (7) pressure gauge; (8) samples; (9) steam
generator; (10) connection valve; (11) steam reservoir; (12) steam inlet; (13) sample holder; (14) vacuum valve; (15) vacuum pump; (16) steam
trap; (17) puffing chamber; (18) decompression valve.

Steam, formed in the steam generator (9), is stored in the steam reservoir (11) through the connection valve (10).
The steam inlet (12) and decompression valve (18) remain closed. A temperature sensor (5) is inserted in the
sample core (8) and materials are loaded in the sample holder (13). After the cover (1) is closed and the locking bolt
(4) is locked, the vacuum valve (14) is opened and the vacuum pump (15) is turned on. Gases in the puffing
chamber and in the material are gradually removed. The vacuum valve (14) and vacuum pump (15) are closed, the
steam inlet (12) is opened, and steam is transferred to the puffing chamber (17). When thermometer (3) and
pressure gauge (7) reach desired values, the inlet valve (12) is adjusted to maintain a stable temperature and
pressure. The core sample temperature, which is recorded by a temperature sensor (5), is continuously shown on a
monitor (2). After a certain period of thermal treatment, the decompression valve (18) is opened instantly to allow

sample puffing.

Sample Preparation

Fresh carrots (moisture content: 88.4%) were obtained from a local supermarket in Yonghui (Fuzhou, China). The
carrots were stored at 3+1°C and 90-95% relative humidity for 14 d. Carrots (1 kg) of 50-55 mm diameter and 200-
250 mm length were selected.

The carrots were washed, peeled, cut into spheres (diameter: 15 mm), and partially dehydrated in a hot-air dryer
(PHG-91234, Jinghong, Shanghai, China) at 70°C with an air velocity of 1.5 m/s. At final moisture contents of 20,
24, 28, and 32%, the carrots had a diameter of 101 mm. The samples were stored inside aluminum foil bags at
23+2°C for >2 h (Huang et al., 2012).

Core Temperature

The core temperature of the carrots was detected by a HH11B digital thermometer and a TT-K-30-SLE-1000 (2x¢
0.254 mm) thermoelectric couple (OMEGA instrument Co., Ltd, US). Fifteen pre-dehydrated carrot spheres were
placed in the sample holder with a temperature sensor.

Moisture Content

The samples were dried to constant weight at 70°C and 133 Pa in a vacuum oven (DZF6050, Jinghong, Shanghai,
China). Sample mass was measured on a balance (BSA124S, Sartorius LTD., Bejiing, China) before and after
dehydration. Moisture content was calculated from mass difference and expressed as percentage of sample mass
(Shyu et al., 2001; Acevedo et al., 2008).
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Mass of Condensed Water

The mass of condensed water is the average absorbing water mass per sample. The mass of condensed water was
calculated from the difference between the mass of pre-dehydrated carrot spheres and the mass of the sample
relative to the number of samples.

Pore Volume

Pore volume is the difference between the apparent volume and the particle volume. The apparent volume was
measured by immersing one sample in n-heptane (Krokida et al., 1999; Yan et al., 2008). Particle volume was
measured with a gas pycnometer (G-DenPyc 2900, Beijing, China) using N2 (Mayor et al., 2011; Sereno et al., 2007).

Young’s Modulus

After the carrots were dried to a certain moisture content, the samples were cut into cylinders (10 cm in diameter x
10 cm in length) and placed on two parallel plates on a universal testing machine (59444, Instron (Shanghai) LTD.,
China) with a loading velocity of 20 mm/min (Nielsen et al., 1998). Young’s modulus is the gradient of the initial
linear slope of the loading curve (Cen et al.,, 2013). Sample diameter was recorded with a digital caliper (A635066,
Ester Electrical Ltd., Shanghai, China). Poisson’s ratio was calculated by Eq. (1) (Burubai et al., 2008):

(Lo— Ll)/Lo

M

where v is Poisson’s ratio (non-dimensional), Do is the original sample diameter (mm), D1 is the sample diameter
after deflection (mm), Lo is the original sample length (mm), and L1 is the sample length after deflection (mm).

Puffing Ratio

Puffing ratio was used to compare the relative changes in sample volume before and after puffing. Puffing ratio
was calculated by Eq. (2):

S=V/V, )

where S is the puffing ratio (non-dimensional), Vo is the sample volume before puffing (m?), and V is the sample
volume after puffing (m?).

Modelling of Puffing Power

Pre-dehydrated material consists of solids, moisture, and gas. The gas is removed by vacuum prior to steam
heating. Saturated steam enters the sample pores by pressure difference until the internal pressure is in
equilibrium with the saturated steam pressure in the puffing chamber. During this process, there is heat exchange
between the material and the saturated steam, resulting in the formation of condensed water. The water absorbed
by the material decreases the material pores. When the decompression valve is opened, part of the superheated
liquid and saturated steam in the material evaporates rapidly, resulting in material expansion. Therefore, puffing
power is dependent on superheated liquid flash evaporation and saturated steam instant release.

Work of Saturated Steam
The saturated steam presented in the food material is considered to be an ideal gas. The work performed by the
saturated steam during puffing can be calculated by Eq. (3) (Dang et al., 2010; Planas-Cuchi et al., 2011):

k-1

P1Vg P2k
Wo = 1-[ 2 3
Tk (Plj ®)

where Wg is the work performed by the saturated steam (J), P1 is the absolute pressure in the material before
puffing (Pa), P2 is the absolute pressure in the material after puffing (Pa), Vs is the vapor volume in the material
before puffing (m?®), and k is the adiabatic exponent of saturated steam (non-dimensional).
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For this study, material pores were filled with saturated steam after heating because the material gas was removed
by vacuum before heating. Therefore, the vapor volume in the material was equivalent to the pore volume (Eq. 4):

V=V’ 4)
where V' is the pore volume in the material before puffing (m3).

Eq. (4) was substituted into Eq. (3), resulting in Eq. (5):

k-1
PV’ P2\ k
Wg = 1-| —= 5

T k1 [Plj ©)

Work of Superheated Liquid

The work of superheated liquid was calculated by Eq. (6) (Wang et al., 2011),
Wi=[(h—hz)—(s1—s2) T ]mi (6)

where Wi is the work of the superheated liquid (J), /1 is the specific enthalpy of liquid before puffing (J/kg), hz is the
specific enthalpy of liquid after puffing (J/kg), s1 is the specific entropy of liquid before puffing (J/[kg=K]), sz is the
specific entropy of liquid after puffing (J/[kgxK]), T is the liquid boiling point under environmental pressure after
puffing (K), and mu is the liquid mass of flash evaporation (kg).

Excess heat caused by hi >h: supplies vaporizing energy to the superheated liquid. The material temperature
decreases to the boiling temperature corresponding to the environmental pressure after puffing. According to the
law of energy conservation, the heat balance equation is

he = (1= x)h2+ x(h2+h') @)

hi—h2
X =

N (8)

where x is the flashing ratio (non-dimensional) and h' is the latent heat of vaporization under environmental
temperature after puffing (J/kg).
The total water mass of the material can be calculated by Eq. (9),

mw=mo - Wo+M 9)

where mw is the total water mass of the material before puffing (kg), mo is the mass of the pre-dehydrated material
(kg), wo is the moisture content of the pre-dehydrated material (%), and M is the mass of condensed water (kg).

Taking into account Eq. (6), Eq. (8), and Eq. (9), the work equation of the superheated liquid was

Wi= [ (i —ha) —(s1—52) T (mo- wo+M ) hl;,hz (10)

Puffing Power Equation

During the saturated steam-puffing process, tension-compression stress results in material volume expansion.
Based on the relationship among stress, strain, and displacement, the elastic principle was implemented to
establish a relationship between puffing ratio and puffing power.

Basic Equations of Elasticity in the Form of Spherical Coordinate

A three-dimensional spherical coordinate is shown as Fig. 2. At M (r,0, ¢), r is the distance between O and M, 0 is
the angle between the directed line segment and the positive z-axis, and ¢ is the angle between the semi-planes
XOZ and MOZ.

The relationship between the rectangular and the spherical coordinates can be described by

X=rsindcose,y =rsindsingp,z=rcosd (11)
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FIG. 2 REPRESENTATION OF MATERIAL IN SPHERICAL COORDINATE
The following assumptions were used to solve the problem:

(1)The material was continuous; its internal stress, strain, and displacement can be expressed as continuous
functions.

(2)The material was homogeneous and isotropic.

(3)Material deformation was insignificant prior to puffing, and the displacement of every point was considerably
less than the initial size of the material.

Stress, strain, and displacement of material were expressed by Eq. 12 (equilibrium differential equation), Eq. 13
(geometric equation), and Eq. 14 (constitutive equation) (Xue, 2006):
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where ur,uUe, Ue represent the displacement component (m) of the radial direction, colatitudes, warp direction,
respectively, in the spherical coordinate; or,06,009,7m,760,7rp are stress components (Pa); &r, &0, 0, y19, 00, yro are

strain force components (non-dimensional); E is the Young's modulus (Pa); v is Poisson's ratio (non-dimensional);
and F is the external force (N/m3).

Relationship between Puffing Power and Puffing Ratio

As a result of the spherical symmetric form, constraint conditions, external force, and other external factors were
symmetric on one point. Due to symmetrical deformation, the problem could be simplified to ur=ur(r), us=u,=0.
Based on geometric equation and constitutive equation, zre=70=760=0 and yr = yrp=y00=0. Based on the
assumption of uniform puffing, deformation had only a radial direction; therefore, so =¢¢=0, co=0¢=0.
Consequently, Eq. (12), Eq. (13), and Eq. (14) were simplified to

Oor 201 | F, -
ar+r+Fr 0 (15)

where F: is the external force on a point, Fr =F/V (N/m?);

¢ = aa”rf (16)
oy fge w
where K = % 11__2\/\/ (Pa)
Eq. (15) and Eq. (16) were expressed as
aazr‘;%%.%ﬂrr:o (18)

Puffing deformation can have a radial variation, e.g., radius change:
Ur=Ar=r-—r, (19)
where r is the radius of puffed material (m) and ro is the radius of the material before puffing( m).

Eq. (19) was substituted into Eq. (18). Fr could be expressed as

Fr= % (20)
The work W (J) done by Frwas expressed as
W= %nrf Iy Feedr (21)
Eq. (21) was substituted into Eq. (20):
W :%nroa-ZK(Inr—lnro) (22)
Transforming Eq. (22) resulted in Eq. (23):

Based on the definition, puffing ratio was expressed as Eq. (24):

4nr3

\ r

VO Anr03 r03 ( )
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Eq. (23) was substituted into Eq. (24), resulting in Eq. (25):

9w
S = - 25
&P ( 8Kry’ ] (25)

Puffing energy was derived from two parts, saturated steam and superheated liquid. Total work was calculated by
Eq. (26):
W =Wy +Wi (26)

Eq. (26) was substituted into Eq. (25), obtaining the mathematical relationship between puffing power and puffing
ratio:

8Kary’

S —exp {M}

(27)

=exp{ > {E%%(l—(PZ/H)ﬁfj—[Uh—%h)—(Sr-&)T]Onmmm+M)hx;m}}

8K,

Results and Analyses

The mass changes of pre-dehydrated spherical carrots (1m0) with different moisture contents are shown in Table 1.

TABLE 1 MASS OF SPHERICALLY-SHAPED CARROTS WITH DIFFERENT MOISTURE CONTENTS

wo (%) mo (kg)
20 2.524 X104
24 2.649 X104
28 2.817 X104
32 3.011 X104

Physical Parameters

Condensed water was generated during the process of steam-heating, which condensed material moisture. Our
experiments revealed that the core temperature of the carrots was very close to the temperature of saturated steam
after 40 s of steam-heating. The mass of condensed water reached a maximum level; the moisture content of the
carrots plateaued. Therefore, the physical parameters, such as pore volume, Young's modulus, and Poisson's ratio,
were determined at a heating time of 40 s.

The condensed water mass of a single carrot sample (M) at 40 s heating time was measured (Table 2). Condensed
water mass increased with increasing moisture content and saturated steam temperature.

Table 3 shows that material pore volumes decreased with increasing carrot moisture content and saturated steam
temperature. There was more moisture in samples that had more condensed water produced by higher
temperature heating (Table 2). Moisture occupied internal spaces with reduced pore volume.

Table 4 illustrates that Young's modulus slightly decreased with increasing moisture content and saturated steam
temperature. A similar trend has been reported in carrots (Nielsen et al., 1998) and African Nutmeg (Burubai et al.,
2007, 2008).

The results of Table 5 revealed that Poisson's ratio increased with increasing moisture content. At each moisture
content, Poisson's ratio slightly increased while saturated steam temperature significantly increased due to more
condensed water being produced during the heating period. Poisson’s ratio varies between 0.23 and 0.49 for
different materials (Burubai et al.,2007; Burubai et al.2008). Golacki et al. (1998) and Maghsoudi et al. (2012)
reported that the Poisson’s ratio of carrots is 0.39-0.45, which was similar to the results obtained in this study. The
variation trend of Poisson's ratio was different to that of moisture content. With increasing moisture content,
Poisson's ratio decreased in African nutmeg (Burubai et al., 2008) and red bean grains (Mostafa et al., 2011) and
increased in pistachios (Maghsoudi et al., 2012).
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TABLE 2 CONDENSED WATER MASS IN CARROTS OF DIFFERENT MOISTURE CONTENTS BASED ON SATURATED STEAM TEMPERATURE

M (kg)
wo (%)
390 K 400 K 410K 420K 430K
20 1.58 X105 1.70 X105 1.87 X105 210X 10 2.26 X105
24 1.80 X 10 2.03X10° 221X10° 2.42X10° 2.57 X105
28 2.12X10% 235X 10 2.58 X105 2.80X10° 3.03X10°
32 2.42X10% 2.68 X105 2.97 X105 3.22X10° 3.48X10°
TABLE 3 PORE VOLUMES OF CARROTS OF DIFFERENT MOISTURE CONTENTS BASED ON SATURATED STEAM TEMPERATURE
wo (%) V._m)
390K 400K 410K 420K 430K
20 2.556 X 107 2539x107 | 2522%x107 | 2505x107 | 2.488x107
24 2.406 X107 2387x107 | 2367x107 | 2347x107 | 2.327x107
28 2.209 X107 2.186 X 107 2.163 X107 2140X107 | 2.117X107
32 1.982X107 1.956X 107 1.929X107 1.903X107 | 1.876X107

TABLE 4 YOUNG'S MODULUS OF CARROTS OF DIFFERENT MOISTURE CONTENTS BASED ON SATURATED STEAM TEMPERATURE

E (MPa)
wo (%)
390K 400K 410K 420K 430K
20 3.02 3.01 3.01 2.99 2.98
24 2.95 2.93 2.93 2.92 291
28 2.90 2.89 2.88 2.88 2.88
32 2.85 2.85 2.83 2.82 2.82

TABLE 5 POISSON'S RATIO OF CARROTS OF DIFFERENT MOISTURE CONTENTS BASED ON SATURATED STEAM TEMPERATURE

wo (%) v
390K 400K 410K 420K 430K
20 0.34 0.34 0.34 0.35 0.36
24 0.37 0.37 0.37 0.38 0.38
28 0.39 0.39 0.39 0.40 0.40
32 0.40 0.40 0.41 0.42 0.42

TABLE 6 CHARACTERISTIC PARAMETERS OF SATURATED STEAM AT DIFFERENT TEMPERATURES

Tsat (K) Pi1 (Pa) h1 (J/kg) s1 (J/kg'K)
390 1.8 X105 4.908 X105 1.495 X103
400 2.5X105 5.355 X105 1.608 X103
410 3.3 X105 5.753 X105 1.706 X103
420 4.4X105 6.197 X10° 1.812 X103
430 5.8 X105 6.646 X105 1.917 X103

Parameters of Saturated Steam and Water

In this study, the temperature of saturated steam was 390-430 K; environmental pressure after puffing was
standard atmospheric pressure. Saturated steam at different temperatures has different pressure values. The
characteristic parameters of saturated steam at different temperatures (pressure) are shown in Table 6; the
adiabatic index k of saturated steam is 1.135 (Yan et al., 2006). The pressure inside the material after puffing was
standard atmospheric pressure, i.e., T= 373K, P>= 1.0X105 (Pa), h2= 4.175X105 (J/kg), s>= 1.303X103 (J/kg-K), and
h' =2258X105 (J/kg).

Effect of Moisture Content on Puffing Ratio

Carrots of different moisture contents were heated and puffed by saturated steam at 390, 400, 410, 420, and 430 K.

The predicted puffing ratios were calculated by Eq. (27) and compared with the experimental values (Figures 3A—
3E).

The predicted puffing ratio values were very close to the experimental values (R? >0.95). Puffing ratio increased
with increasing moisture content from 20 to 32%. Higher moisture contents filled part of the pore material that
decreased pore volume; therefore, the work performed by the vapor in the sample decreased. On the other hand,
superheated liquid in the sample contributed to more moisture for flash evaporation, which produced strong
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puffing power. Therefore, superheated liquid flash evaporation was more significant than vapor.

Our previous studies have shown that puffing ratio initially increases with increasing carrot moisture content up to
27% (Song et al., 2010). This result was probably attributed to that fact that as specific heat increases with
increasing moisture content (Shmalko et al., 1996), more heat supplies energy for the high moisture material
temperature to rise. Condensed water droplets produced by the heat exchange between the puffing chamber and
steam were absorbed into the pores of the material, which partly filled pores and decreased the channels for
puffing. In this study, the steam-puffing instrument was modified by adding a drain cover to the puffing chamber,
which prevented the negative effects of the concentrated water droplets. As a result, the condensed water droplets
were immediately removed to avoid unsufficient puffing.
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Effect of Saturated Steam Temperature on Puffing Ratio

Carrots with moisture content (20, 24, 28, and 32%) were heated and puffed by saturated steam at different
temperatures. Predicted puffing ratio values were obtained by Eq. (27). Predicted and experimental values are
compared in Figures 4A—4D.

Predicted and experimental puffing ratio values were in agreement (R2>0.99) in carrots with 20-32% moisture

content. Puffing ratios increased rapidly with increasing steam temperature from 390 to 430 K. Higher steam
temperatures increase the heating capacity of the super-heated liquid and vapor pressure in the material. These
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two positive factors result in more energy for puffing. Therefore, saturated steam temperature is a key factor for
puffing.

Our previous studies have shown that the puffing ratio of carrot cubes initially increases with steam temperature.
However, puffing ratio gradually decreases at steam temperatures >425 K (Song et al., 2010). On the other hand,
the puffing ratio of banana slices increases from 410 to 430 K (An et al., 2010). This discrepancy in the results could
be attributed to food shape. Carrot cubes have sharp angles where the puffing resistance is higher than that in the
core. As a result, the core material is significantly destroyed by high energy, leading to uneven puffing. In spherical
carrots and sliced bananas, the change of volume is correlated with the increase in diameter or thickness due to the

uniform puffing resistance.
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Conclusions

A power model of instant pressure drop with saturated steam-puffing of spherically-shaped carrots was generated
following thermodynamic and elastic mechanic principles. The model revealed that puffing ratio was related to
material shape, moisture content, mechanical property, saturated steam pressure, and saturated steam
temperature. The model had high accuracy (R? >0.95) in predicting the effect of material moisture content and
saturated temperature on puffing ratio. Superheated liquid in material flash evaporation and vapor in material
instant release were important for puffing. The increase in material moisture content resulted in more condensed
water during the heating process by saturated steam, which was beneficial to puffing. Saturated steam had higher
pressure, which increased the heating capacity of the super-heated liquid and of the material vapor pressure,
resulting in higher puffing ratios. Therefore, adequate material moisture content and saturated steam temperature

(pressure) control puffing ratios.
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Abstract

Chlorpyrifos residue contents in market water dropwort, residue dynamics of chlorpyrifos and the safe pre-harvest interval
(SPHI) in field water dropwort were conducted in Changzhou, Jiangsu Province, China. The results showed that concentrations
of chlorpyrifos residues in more than half of the market samples (57%) exceeded the maximum allowable concentration (MAC,
0.05 mg kg™), according to the Chinese Standard (GB 2763 — 2014). The average chlorpyrifos content in the samples was 0.23 mg
kg that was 3.6 times higher than the MAC. Study on the residue dynamics of chlorpyrifos demonstrated that the half-life of
chlorpyrifos residues in the water dropwort of early-sowing (in summer) and late-sowing (in autumn) were 4.1 and 5.4 days,
respectively, and it took 31.2 and 43.1 days, respectively, for chlorpyrifos residues to decrease to the MAC level. In normal
application dosage (recommended for vegetables), the SPHI was 30-35 days for the water dropwort of early-sowing, and 40
days for the water dropwort of late-sowing, which were much longer than the recommended pre-harvest interval (seven days)
according to the Chinese Standard ((GB/T 8321 — 2000)). It may be the cause of high chlorpyrifos residue concentrations in
market water dropwort.
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Introduction

In order to guarantee food supply for rapid increasing world population, pesticide application has been adopted to
control pests in agricultural production worldwide for decades. It is estimated that about 45% of crop’s yield is
destroyed by pests and diseases in the world today. The utilization of pesticides controlled pests and increased the
crop’s yield initially, but the increasing use of chemical pesticides has caused environmental contamination and
many adverse effects on human health simultaneously [1]. Pesticides are associated with many human health
hazards, including acute harms (such as headaches and nausea) and chronic damages (such as cancer, endocrine
disorder and reproductive impacts [2]. Therefore, the pesticide residue in food chain is a matter of public concern,
especially in fresh fruits and vegetables [3].

In an evaluation on pesticide residues in fruits and vegetables of Xiamen, China, 17.2-18.9% of pakchoi cabbage,
legume and leaf mustard samples exceeded the maximum allowable concentration (MAC) [4]. According to a
monitoring program for pesticide residues in crops in Brazil, pesticide residues were found in 48.3% of the crop
samples, and organophosphorus compounds were found in 30.8% of the samples. Chlorpyrifos was the
organophosphorus pesticide mostly found (16.1% of the samples) [5].

Chlorpyrifos (O,O-diethyl O-3,5,6-trichloro-2-pyridyl phosphorothioate) is one of the most common
organophosphate pesticides widely used in agriculture for protection of crops, such as vegetables, fruits and grains.
It is one of the major pesticide residues detected in agricultural products [6, 7]. It is toxic to central and peripheral
nervous systems, which may cause lethal or sub-lethal effects on human body. It can also interfere with the
development of nervous system while exposure in pregnant stage [8]. Some studies showed that there were some
associations between chlorpyrifos exposure and lung and prostate cancer [9, 10]. Therefore, environmental
behavior, biodegradation and toxic effects of chlorpyrifos has attracted much attention [11, 12]. Water dropwort
58 International Journal of Agricultural Science and Technology, Vol. 3, No. 2— August 2015
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(Oenanthe javanica) is one of the most popular vegetables and widely cultivated in China and Southeast Asia. Study
on the residue dynamics of pesticides is recognized as an important initiative to reduce their threat on human
health. However, the residue dynamics of chlorpyrifos in water dropwort are not clear at present.

Materials and Methods

Field Experimental Design

The research was carried out in Changzhou, Jiangsu Province, China (30° 41' N, 119° 50" E). The field experiments
were designed as split-plots measuring 200 m? each in three replicates, according to the “Guideline on Pesticide
Residue Trials” of China (NY/T 788 — 2004). The plots were separated by irrigation channels. Water dropwort was
sowed at two times, e.g. August 12 (early-sowing) and October 5 (late-sowing). In residue dynamics experiment,
chlorpyrifos was applied at August 27 for early-sowing and October 20 for late-sowing. In the experiment of safe
pre-harvest interval (SPHI), chlorpyrifos was applied at 10, 15, 20, 25, 30, 35, 40, 45 days before harvest day.
Chlorpyrifos (EC, 48% w/v) was dissolved in water and sprayed at the recommended dosage of 360 g a.i. ha' for
vegetables. For control treatment, no pesticide was sprayed.

Sampling and Analytical Procedures

Twenty-one market samples were collected from seven vegetable markets in Changzhou, China. For the study of
residue dynamics, the field samples were collected from the plots at 0.125 (three hours), 1, 3, 7, 13, 20, 30, 45 and 60
days after the application of chlorpyrifos, respectively. For the experiment of SPHI, the field samples were
collected from the plots at the harvest time. The samples were transported to the laboratory at 4 °C and in darkness
in labeled polyethylene bags, and were processed promptly and stored at -20 °C until analysis. Extraction and
clean up procedures of chlorpyrifos residues from the samples were carried out as described by Chen et al. [13].
Concentrations of chlorpyrifos were tested with Agilent 6890N gas chromatograph equipped with a flame
photometric detector (FPD) and a DB-17 (30 m length, 0.25 um film thickness, 0.53 mm i.d.) capillary column. The
gas chromatographic analysis was performed under the conditions described by Chen et al. [13].

Quality Control of Analytical Procedures

Chlorpyrifos standards (99.5% of purity) were obtained from the Institute for the Control of Agrochemicals,
Ministry of Agriculture (ICAMA), China. A stock solution of chlorpyrifos was prepared at 100 mg kg in
acetonitrile in a volumetric flask and conducted at 4 C before being used. Recoveries experiments were conducted
to confirm the validity of the methods. Different known concentrations of chlorpyrifos (0.01, 0.02, 0.1, 0.2, 0.5 and 1
mg L) were prepared by diluting the stock solution with acetonitrile.

Quality control was carried out using duplicate samples (every 20 samples), spiked samples (one per process
batch), repeat samples (one per batch), and reagent blank sample (one deionized water per batch). The spiked
samples were analyzed before and during the analysis of all batches of the samples.

Results and Discussion

The contents of chlorpyrifos residues in twenty-one market samples were shown in Figure 1. Chlorpyrifos
concentrations in the samples ranged from 0.02 mg kg' to 1.09 mg kg' (54.5-fold variation). The average
chlorpyrifos contents in the samples was 0.23 mg kg that was 4.6 times of the maximum allowable concentration
(MAC, 0.05 mg kg') for chlorpyrifos in water dropwort, according the Chinese Standard (GB 2763 - 2014). In
twenty-one samples, twelve samples (57%) showed chlorpyrifos concentrations above the MAC. Vegetables and
fruits showing pesticide concentrations above the MAC were also found in other countries. In Poland, fifteen
different pesticides were detected in 32% vegetable samples, and 9% samples exceeded the MAC. Chlorpyrifos was
one of the most commonly detected pesticides, and it presented in 27.4% samples [14]. According to a survey in
Nordic countries (Denmark, Finland, Norway and Sweden) on the presence of pesticide residues in the fruits and
vegetables imported from Southeast Asia, the contents of pesticide residues were above the MAC in 12% of the
samples. Some of the products were assessed to represent possible acute health risk for consumers. Chlorpyrifos



60 Peng Qu, Minghao Piao, Jianguo Liu, Jiakuan Xu

was one of the most frequently detected pesticides [15]. Water dropwort is one of the most popular vegetables and
widely cultivated in China and Southeast Asia, for its good taste and abundant nutrients (protein, Ca, P, Fe, etc.)
[16]. Therefore, chlorpyrifos residue in market water dropwort is a great threat to human health in the countries.
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The residue dynamics of chlorpyrifos in the water dropwort of early-sowing is displayed in Figure 2. According to
the dynamic equation, the half-life of Chlorpyrifos residue in the water dropwort was 4.1 days, and the
concentration of chlorpyrifos residues will decrease to the MAC (0.05 mg kg?) in 31.2 days after chlorpyrifos
application. The residue dynamics of chlorpyrifos in the water dropwort of late-sowing are shown in Figure 3.
Calculated from the dynamic equation, the half-life of Chlorpyrifos in the water dropwort was 5.4 days, and the
concentrations of chlorpyrifos residues will decrease to the MAC in 43.1 days after chlorpyrifos application.

Degradation of chlorpyrifos in plants, soils and water are a very complicated process, and influenced by many
factors, such as plant species, climates, soil properties, application rates, etc [17]. The half-life time and the time of
decreasing to the MAC for the water dropwort of late-sowing (in autumn) were much longer than those for the
water dropwort of early-sowing (in summer). The reasons may be in two aspects: (1) higher atmospheric
temperature in the growing season for early-sowing water dropwort than for late-sowing water dropwort resulted
in faster degradation and evaporation of chlorpyrifos in the water dropwort of early-sowing than in the water
dropwort of late-sowing; (2) higher atmospheric temperature will result in faster growth of plants and greater
dilution effect in chlorpyrifos concentrations for early-sowing water dropwort versus late-sowing water dropwort.
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It was reported that the contents of pesticide residues in harvested crops were much related to times and dosages
of the chemical treatments, specifically at the mid- and late-stages of the crops [18]. Present study on safe
pre-harvest interval (SPHI) of chlorpyrifos application in water dropwort presented that the SPHI was 30-35 days
for the water dropwort of early-sowing (Figure 4), and 40 days for the water dropwort of late-sowing (Figure 5).
According to the Guideline for Safety Application of Pesticides in China (GB/T 8321 — 2000), the recommended
pre-harvest interval for the application of pesticides in vegetables is only seven days, which is much shorter than
the SPHI in the present study.
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Due to the poor management and inadequate regulation on chemical applications, the cases of pesticide poisonings
and food contaminations are far more in developing countries than in developed countries [19,20]. In Aegean
region of Turkey, 8.4% of fruit samples and 9.8% of vegetable samples contained pesticide residues above the MAC.
Chlorpyriphos was one of the most detected pesticide residues [21].

Therefore, the residue dynamics and the SPHI of the chemicals applied in vegetable production need much more
concerns and studies.

Conclusion

Water dropwort is one of the most popular and widely cultivated vegetables in China and Southeast Asia, and
chlorpyrifos is one of the most frequently used pesticides in vegetable production worldwide. Chlorpyrifos
residues above the maximum allowable concentration (MAC, 0.05 mg kg') in water dropwort may be a threat to
human health. In the present study, the concentrations of chlorpyrifos residues exceeded the MAC in more than
half of the market water dropwort samples (57%). The average chlorpyrifos contents in the samples was 3.6 times
higher than the MAC. In the water dropwort of early-sowing (in summer) and late-sowing (in autumn), the
half-life of chlorpyrifos residues were 4.1 and 5.4 days, respectively, and it took 31.2 and 43.1 days, respectively, for
chlorpyrifos residues to decrease to the MAC. In normal application dosage (recommended for vegetables), the
safe pre-harvest interval (SPHI) for the water dropwort of early-sowing and late-sowing was 30-35 and 40 days,
respectively, which were much longer than the recommended pre-harvest interval (seven days) in China. Perhaps
it is the cause of high concentrations of chlorpyrifos residues in market water dropwort.
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